Abstract Genetic selection of maize hybrids is often conducted using high N rates during the breeding cycle. This procedure may either lead to the release of genotypes that present nitrogen luxury consumption or require a stronger N input to accomplish their yield potential. This work was carried out to evaluate the effects of N rates on grain yield and N use efficiency of hybrids cultivated in different decades in Southern Brazil. The trial was performed in Lages, Santa Catarina State. A split plot design was used. Hybrids Ag 12, Ag 28, Ag 303 and Ag 9012, released during the 60s, 70s, 80s and 90s, respectively, were evaluated in the main plots. Nitrogen rates equivalent to 0, 50, 100 and 200 kg ha -1 were side-dressed in the split-plots when each hybrid had six fully expanded leaves. Modern-day hybrid Ag 9012 had higher grain yield than hybrids of earlier eras, regardless of N rates. Under high doses of N, the older hybrids Ag 12 and Ag 28 took up more N and presented higher values of shoot dry matter at flowering than Ag 9012. Nonetheless, they set less grains per ear which contributed to decrease their grain yield and N use efficiency. 
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Introduction
Maize is one of the grasses that present greater N requirements to reach high grain yields, removing from the soil between 20 and 25 kg of N per ton of
The effect of N availability on important maize agronomic traits has been examined by a number of workers (McCullough et al., 1994b; Sangoi & Almeida, 1994; Ernani et al., 1996) . Nitrogen limiting conditions produce several restrictions to plant development, delaying silking (Russel, 1991) , decreasing pre-anthesis crop growth rate (McCullough et al., 1994a) , dwindling leaf area index at flowering and accelerating leaf senescence rates throughout the life cycle (Wolfe et al., 1988) .
Maize grain yield potential has increased dramatically during the last 50 years especially in temperate regions of the world (Russel, 1991; Tollenaar et al., 1994) . This yield enhancement can be largely attributed to the release of genetic superior hybrids, higher plant densities, increased use of chemical fertilizers, reduction of row spacing, improved cultural practices, better weed and pest control (Carlone & Russel, 1987; Dwyer et al., 1991; .
The level of soil fertility has not been used directly as a selection tool in the development and evaluation of maize inbred lines (Russel, 1991) . In addition to that, genetic selection is often conducted at high level of N application in order to eliminate N as a restrictive variable during the selection process (Kamprath et al., 1982) . This methodology may mitigate differences among genotypes in terms of N use efficiency to accomplish higher yields. Moreover, it may contribute to the release of hybrids which have greater yield potential but also require a stronger N input to express their agronomic superiority. The use of high N levels during hybrid development may also lead to the selection of genotypes that have luxury consumption of N (Carlone & Russel, 1987) .
Information currently available in the literature has not considered possible parallel changes in the N stress tolerance and N use efficiency of Brazilian hybrids representing different decades of direct selection for increased grain yield. There is no report of a trial comparing under similar management conditions the response of hybrids grown in the last forty years in Southern Brazil to different N rates.
This work was carried out to evaluate the effects of N rates on grain yield, N use efficiency and other agronomic traits of hybrids cultivated in different decades in Southern Brazil.
Material and Methods
The experiment was carried out in the city of Lages, SC, Brazil, located at 27º52' latitude South and 50º18' longitude West. The climate of the region is classified by Köppen as Cfb, presenting mild summers, cold winters and adequate rainfall during the whole year.
Soil study site was an Oxisol (Hapludox). A chemical analysis performed one month before installing the trial indicated the following soil characteristics: organic matter content, 40 g kg -1 ; clay content, 470 g kg -1 ; P, 25 mg L -1 ; K, 280 mg L -1 ; water pH 5.9; Al, 0.0 me dL -1 ; Ca, 10 me dL -1 ; Mg, 2.5 me dL -1 .
The trial was designed as a factorial combination of two factors: hybrids and N rates. The experimental design was a split plot with the main plots arranged in randomized complete blocks. Each treatment was replicated four times. The double-cross hybrids Ag 12, Ag 28, Ag 303 and the single-cross hybrid Ag 9012, which were cultivated during the 60s, 70s, 80s and 90s, respectively, were evaluated in the main plots. Each hybrid was highly successful and widely grown throughout Southern Brazil for several years after its release. All hybrids were bred and released by Agroceres S.A. Four N rates, 0, 50, 100 and 200 kg ha -1 were side-dressed in the split plots. These N rates are equivalent to 0, 1/2, 1 and 2 times the prescribed doses for maize growers who aim to produce more than 6,000 kg ha -1 of grains in soils with an organic matter content ranging from 35 and 45 g kg -1 in Southern Brazil (Comissão de Fertilidade do Solo-RS/SC, 1995). Each split plot was constituted by four six meter rows.
A conventional tillage method was used to prepare the soil. During the planting day, 20 kg of N, 80 kg of P and 100 kg of K per hectare were applied. Phosphorus and K rates were defined considering the reposition values suggested by Comissão de Fertilidade do Solo-RS/SC (1995) in areas where the goal is accomplish grain yields higher than 6,000 kg ha -1 .
The experiment was hand-planted on October 30, 1998. A row spacing of 80 cm and a plant density of 75,000 plants per hectare were used. Three seeds were dropped per hill to assure the desired stand on each treatment. The space between two adjacent hills within each row was nearly 17 cm. When plants were at the stage of V4 (Ritchie & Hanway, 1993) , thinning was performed to adjust the population to the desired level.
A combination of atrasine (1,400 g ha -1 of a.i.) and metolachlor (2,100 g ha -1 of a.i.) was sprayed right after planting to control weeds prior to their emergence. Plots were also hand-hoed to suppress weed competition after their emergence as needed. At V3 and V7 the insecticide trichlorfom (400 g ha -1 of a.i.) was used to control army worm (Spodoptera frugiperda) infestations.
Nitrogen doses were side-dressed to the soil using urea when plants had six fully expanded leaves (V6 stage, according to Ritchie & Hanway, 1993) . The ear leaves of five plants randomly chosen inside each split plot were collected at anthesis to estimate the plants N status. Shoot N content was determined based upon N percentage of the ear leaf following method described by Tedesco et al. (1985) . Plants used to estimate shoot N content were also harvested, dried and weighed. Nitrogen uptake for each hybrid at anthesis was determined multiplying ear leaf N content and shoot dry mass.
The interval between anthesis and silking was estimated by counting the difference in number of days required for 50% of the plants within each plot to present pollen shed and 90% of the plants to have visible silks.
The two central rows of each split plot were harvested, representing an area of 9.6 m 2 . Ears were dehusked, dried, shelled and weighed. Dry grain weight values were converted to an area of one hectare and adjusted to a standard moisture of 13%. A sub-sample of 200 grains was taken and re-weighed. The value obtained was multiplied by 5 and converted to a moisture of 13% to express the weight of 1,000 grains. The number of grains per ear was estimated indirectly through the relationship between weight of 200 grains, weight of total number of kernels and number of ears harvested within each split plot.
An analysis of variance was performed. F values for main treatment effects and their interaction were considered significant at the P<0.05 level. Whenever the N rate, hybrid or the interaction between them significantly influenced a variable, a regression analysis was performed and the linear and quadratic effects calculated. The equations that reached significance at the P<0.05 level, provided the higher determination coefficients and better explained the biological behavior of each hybrid were chosen to summarize the information gathered for each variable. Hybrids efficiency to convert the applied N into grain production was estimated considering the slopes calculated for genotypes with a linear response of grain yield to the range of N rates used in the trial. A t test at the P<0.05 level was used to compare the slopes for variables that express a significant linear response. Nitrogen efficiency values were expressed in kg of grains per kg of side-dressed nitrogen.
Results and Discussion
The oldest hybrid Ag 12 presented a quadratic response to the N rates tested in the trial, reaching its maximum grain yield when 176 kg ha -1 of N were side-dressed at V6 (Figure 1) . The other three hybrids enhanced their grain yield linearly when the N dose was raised from 0 to 200 kg ha -1 .
Each kilogram of N was converted into approximately 20 kg of additional grain production for Ag 303 and Ag 9012. On the other hand, the impact of N fertilization on Ag 28 grain yield was less pronounced (13 kg of extra grains per kg of applied N). The t test showed that calculated slopes of Ag 303 and Ag 9012 were significantly different from the slope of Ag 12, providing evidence that modern hybrids were more efficient to use the fertilizer to accomplish higher grain production.
When hybrids performance is compared in terms of percentage at each N rate, the modern hybrid Ag 9012 was 33% more productive than the other genotypes when no N was side-dressed. This percent superiority diminished as N rates were increased reaching only 17% at the highest dose. In absolute values, modern hybrid Ag 9012 presented an yield edge over the older materials that ranged from 1,350 to 1,500 kg ha -1 , depending on the amount of N applied to the soil. The impact of N on grain yield depicted in Figure 1 showed that hybrids cultivated in Southern Brazil during the last 40 years presented the same kind of behavior described by Castleberry et al. (1984) , Carlone & Russel (1987) , Russel (1991) and Duvick (1994) for hybrids cultivated in the West US Corn Belt. Modern-day hybrid Ag 9012 had greater grain yield than did hybrids of earlier eras at all N rates evaluated in the trial. The improvement in N use efficiency is a part of the total genotype developed for higher grain yield. An important fact to emphasize is that the transition from double-cross hybrids to a high yielding, management responsive single-cross hybrid has not led to increase vulnerability in an unfavorable production situation, such as when no N was side-dressed. Therefore, the results of this experiment did not support the idea presented by Soule & Piper (1992) that modern hybrids are less tolerant to stress and more demanding on high inputs than the cultivars used in the past. They also dont corroborate the claim that a shift to lower inputs would require abandonment of modern hybrids and the use of genotypes with a broader genetic variability (Bisognin et al., 1997) .
Maize grain yield is primarily associated with variations in the number of mature kernels per ear which, in turn, depends on crop growth rates at silking (Otegui et al., 1995; Cantarero et al., 1999) . The number of grains that reached maturity varied less pronouncedly with the increase in the amount of N side-dressed per area for the modern hybrid Ag 9012 ( Figure 2) . As an average, ears of Ag 12, Ag 28 and Ag 303 set 44% more kernels when N application was raised from 0 to 200 kg ha -1 . Conversely, the difference in the number of mature kernels produced per ear by Ag 9012 at the lowest and highest N rates evaluated in the trial was only 11%. Each modern hybrids ear had 91 more grains than the ears of older materials when no N was side-dressed at V6. Figure 3 depicts the evolution of the anthesissilking interval at the lowest and highest N doses tested in the trial regressed on year of hybrid introduction. Silk delay was consistently higher when no N was side-dressed. Maize is a species that presents a protandrous developmental pattern (Sangoi, 1996) . This plants characteristic is accentuated under adverse conditions such as nutritional deficiency, drought stress or high plant population (Sangoi & Salvador, 1998b) . Therefore, the lack of N side-dressing probably stimulated the plants apical dominance, favoring tassel development, assuring pollen production and dispersion at the expense of ear and silk development.
Regardless of N rate, the anthesis-silking interval was consistently smaller in newer hybrids than in the hybrids that preceded them (Figure 3) . Excessive silk delay is a predictor of barrenness and the production of fewer kernels per ear (Duvick, 1994; Sangoi & Salvador, 1998a) . Modern hybrid Ag 9012 presented a better synchrony in the development of its male and female inflorescences. This agronomic feature allowed the newest hybrid to set more kernels per plant, contributing to its grain yield superiority over the older genotypes (Figures 2 and 3 ).
An important factor that may have affected hybrids anthesis-silking interval and, consequently, impacted genotype response to N fertilization was the high plant population used on the trial (75,000 plants ha -1 ). High plant population and selfing have been useful management tools in breeding nurseries for eliciting maize tolerance to stressful environments (Edmeades et al., 1993) . Selection against silk delay has been one of the most effective breeding methods to improve maize tolerance to environmental stresses (Russel, 1991) . Poorly synchronized plants are automatically eliminated during the inbreed breeding process (Bolaños & Edmeades, 1996) . As a result of that, modern hybrids are better adapted to tolerate high plant densities which is a reflection of increased stress tolerance . Therefore, 75,000 plants ha -1 formed probably a stand that was above the optimum population density to maximize grain yield for the older genotypes. The use of higher than optimum plant population heightens interplant competition for light, water and nutrients (Olson & Sanders, 1988) . This may be detrimental to final yield because it stimulates apical dominance, enhances the anthesis-silking interval and decreases the number of kernels set per ear, leading to a lower conversion of N application into grain production. Nitrogen content of the ear leaf at anthesis increased linearly with the enhancement in N rate for all hybrids used in this trial (Figure 4) . However, the t test showed that the slopes of Hybrids Ag 12, Ag 28 and Ag 303 were significantly higher than the calculated slope for Ag 9012. Each 100 kg of side-dressed N lifted N ear contend by nearly 0.4% as an average of the three older hybrids. This rate of N accumulation on the ear leaf was twice the value expressed by the modern hybrid Ag 9012.
The older hybrids shoot dry matter responded more drastically to the increase in N rates ( Figure 5 ). The increase in N doses from 0 to 200 kg augmented maize shoot dry weight at flowering in 82, 37 and 42% for Ag 12, Ag 28, and Ag 303, respectively. On the other hand, Ag 9012 expressed a shoot dry matter improvement of only 7% when N rate was risen from 0 to 200 kg ha -1 . When no N was side-dressed, hybrids had similar amounts of shoot dry matter at anthesis. Conversely, at the highest N rate Ag 9012 presented approximately 72% of the total above ground dry matter produced by the three other hybrids.
Hybrids did not differ in terms of N uptake at flowering when no side-dressing was performed (Figure 6 ). On the other hand, the hybrid introduced in the 60s (Ag 12) was able to accumulate two times more N on its tissues than the hybrid released in the 90s (Ag 9012) at the highest fertilizer rate. According to Huber et al. (1994) , there are four general characteristics which determine the response of maize grain yield to N availability: root uptake; vegetative storage capacity; recycling efficiency from vegetative tissues to developing kernels; dynamics and strength of the kernel sink. Data presented on Figures 4, 5 and 6 show that N root uptake and N vegetative storage capacity until anthesis dont appear to be major causes for the older hybrids lower efficiency to convert mineral N in grain yield (Figure 1) . The older hybrids used side-dressed N more effectively to increase plant height and thus enhance stover dry matter at anthesis ( Figure 5 ). However, this potential N reservoir accumulated before flowering ( Figure 6 ) was not strong enough to synchronize the development of male and female inflorescences and to set more kernels per plant (Figures 2  and 3) .
A poor pollination in maize leads to sink suppression, increasing the source-sink ratio and resulting in the accumulation of carbohydrates in the stem (Barnett & Pearce, 1983; Rajcan & Tollenaar, 1999b) . In addition to that, a reduction in sink strength may reduce the leaf photosynthetic activity during grain filling, leading to an acceleration of leaf senescence (Tollenaar & Daynard, 1982) . With a weaker sink, the need and importance of recycling N from vegetative tissues to developing kernels is reduced.
The capacity of kernel N sink determine the yield potential of most commercial hybrids (Jones et al., 1996) . This trait is highly linked to the length of N uptake during grain filling. High N responding hybrids require 40 to 50% of their total N after anthesis in contrast to the 10 to 20% additional N requirement for the low N responders (Huber et al., 1994) . The ability of maize to maintain N uptake during grain filling may be related to the carbohydrate supply to the roots (Rajcan & Tollenaar, 1999a) . Since the older hybrids set a weaker sink during the onset of grain filling due to flower asynchrony, it is possible that the lack of sink strength led to a reduction of N demand within the plant decreasing N uptake by the roots after silking and diminishing N remobilization from the stover to the grains.
There was a linear increase in the weight of 1,000 grains form the oldest to the most modern hybrid, considering the average of the four rates used in the trial (Figure 7 ). Since the final kernel weight depends largely on grain filling duration, data on Figure 7 may also be an indication that modern hybrids have a larger ability of either uptake N from the soil or remobilize it from vegetative tissues to grains after silking, delaying leaf senescence, prolonging the filling period and producing heavier grains. This physiological sequence of events have also been reported by Rajcan & Tollenaar (1999a , 1999b who ultimately attributed the higher N efficiency of modern hybrids to a better balanced source:sink ratio.
Conclusions
1. The modern-day hybrid Ag 9012 is more productive than the older hybrids, regardless of the amount of N side-dressed to the soil.
2. The lack of N side-dressing does not reduce modern-day hybrid grain yield more drastically than it does with hybrids used in the past.
3. Hybrids grown in the 60, 70 and 80s use high N rates more effectively to increase shoot dry matter at flowering than to accomplish great grain yields at harvesting. 
